Crater rays are formed during a cratering event as target material is ballistically ejected to distances of many crater radii forming narrow, generally high albedo, approximately linear features extending outward from the crater. The nature of crater rays was examined for the lunar crater Copernicus using new information on, the composition of surface material (from near-IR reflectance measurements), surface roughness (from radar backscatter measurements), and photogeologic data (from available images). Part of the data analysis included use of mixing models to quantify the mixing systematics observed between primary ejecta and local substrate of the ray on the basis of compositional parameters from reflectance spectra. Primary material from Copernicus can be detected in the surface material of rays in decreasing amounts with increasing radial distance (e.g., 20-25% primary ejecta at six crater radii). For distances greater than three crater radii the proportion of local material to primary ejecta observed from these compositional reflectance data is approximately equal to that predicted by previous laboratory and ballistic studies of craters. Within three crater radii the compositional data indicate a higher proportion of primary ejecta than predicted. For extended areas along the ray that do not contain large secondary craters the primary ejecta is intimately mixed on the granular scale with local material throughout the regolith. The relatively high albedo of the rays of Copernicus is due to the feldspathic composition (highland) of the primary ejecta in rays emplaced on a mare substrate. Immature local substrate is only observed in Copernicus's ray at large unmantied secondary craters or other areas with sufficient topographic slope to prevent the accumulation of mature soils.
A major influence on the understanding of the emplacement of crater and basin ejecta came from the laboratory experimental works of Oberbeck, Gault, and Quaide. In particular, laboratory experiments were combined with lunar observations and modeling [Oberbeck, 1975] to show that ballistic erosion and sedimentation played a significant role in lunar geologic processes and history. This work provided a model which predicted the amount of local material derived from secondary cratering events as a function of crater size and radial range Morrison and Oberbeck, 1975; Oberbeck and Morrison, 1976; Oberbeck and Aggarwal, 1977; Morrison and Oberbeck, 1978] . In order to better understand the nature of crater rays and clarify the local versus foreign origin of ray material, the physical and chemical properties of a single lunar ray system for Copernicus crater have been studied in detail, and the results are presented here. This study uses a combination of data: spectral reflectance (for composition), radar (for physical properties), and images (for photogeologic context). The crater Copernicus was chosen because of its well-developed ray system, the crater's relative youth, and the compositional contrast, as described below, between the target material of Copernicus crater (predominantly highland) and the material on which many rays were emplaced (mare material). This compositional contrast permits the mixing of primary and local material to be assessed using earth-based near-infrared reflectance measurements.
The following questions concerning the nature of crater rays are addressed: Is the high albedo material forming a ray of local or primary origin? What is the distribution of primary target material as a function of range from Copernicus ? What is the physical nature of material forming a crater ray? Are these data consistent with existing models for ejecta emplacement and the evolution of crater rays ?
REGIONAL SETTING OF COPERNICUS CRATER
Copernicus is a large bright-rayed crater, 95 km in diameter, located in Oceanus Procellarum at 9.5øN, 20.0øW ( Figure  1 ). One crater diameter to the north are the Carpathian mountains, which form the main topographic ring of the Imbrium basin [Wilhelms and McCauley, 1971 ]. Prior to the Copernicus impact, the lunar surface in this region consisted of a thin discontinuous layer of basaltic mare averaging less than a kilometer in thickness [DeHon, 1979; Horz, 1978; Head, 1982] . Locally, the abundant exposures of Fra Mauro Formation protruding through the mare [Schmitt et al., 1967] suggest thicknesses adjacent to Copernicus, of less than a few hundred meters. Estimations of the thickness of the Imbrium ejecta deposits underlying the mare at Copernicus target site, which depend on assumptions used for determining the diameter of the Imbrium cavity, range from 430 m to 3 km thick [McGetchin et al., 1973; Pike, 1974] . Other basin ejecta and floor materials from previous impacts are probably included in lesser amounts in the crustal materials below the Imbrium deposits [Wilhelms and McCauley, 1971 ]. Earlier, more poorly known basin-forming events such as Insularum, 600 km in diameter enclosing the Copernicus region, and Procellarum, perhaps 3200 km in diameter centered 450 km from Copernicus [Whitaker, 1981] , would have excavated and redistributed crustal material in the Copernicus region and perhaps were responsible for the relatively thinner crust in Oceanus Procellarum [Wilhelms, 1985; Pieters and Wilhelms, 1985] .
Copernicus is one of the most prominent fresh craters on the lunar nearside and has become a stratigraphic marker for lunar geology. Features associated with Copernicus were used to define the most recent major time period of lunar history [Shoemaker and Hackman, 1962; Wilhelms and McCauley, 1971] . The geology of the Copernicus region was first mapped by Schmitt et al. [1967] using earthbased telescopic photographs. Lunar Orbiter 4 and 5 images were subsequently used to map the crater itself in more detail [Howard, 1975] . Since none of the Apollo spacecraft overflew Copernicus, no new data have been obtained for the crater itself since 1967, except for measurements using earth-based instruments. northern ray system for Copernicus that is considered in the present study. Secondary craters 0.5 to 7.0 km in diameter are mapped in Figure 2b . [Pieters, 1978] . The approximate boundary between these two mare basalt types is indicated in Figure 2b [Adams, 1974] . A second weak pyroxene absorption band is observed in the 2-/•m region. These two spectra are very similar to spectra of the continuous ejecta (e.g., Ejecta 5 discussed in the next section). Floor 1 is a lowalbedo area of extensive impact melt [Howard, 1975] The mineralogy derived from both the near-infrared spectra of Copernicus and the Apollo 12 lunar samples suggests the following stratigraphy at the Copernicus target site: thin layer of basalt overlying an extensive noritic layer above a zone of troctolite. Which, if any, of these stratigraphically distinct compositions are directly associated with the KREEP component is unknown.
SPECTRAL AND PHYSICAL PROPERTIES OF A COPERNICUS RAY
A sequence of small areas (each about 5 km in diameter) along Copernicus's northern ray system was chosen for detailed study (see Figure lb) . These areas (E5 to R5) were chosen to be in locations that were homogeneous at the scale of telescopic observations. For this sequence, areas were selected for study because they specifically did not contain large secondary craters. The spectral and physical properties of each studied area are discussed separately below. Two representative areas were also chosen within the low-Ti basalt substrate in Mare Imbrium, one to represent mature mare soils (M1; Figure lb) and the other to represent fresh, more crystalline basaltic material (CM; Figure lb) . Two additional areas (R6 and R7) were also selected because of their presumed heterogeneity. Area R6 exhibits a very high surface roughness (at the 10-cm scale) based on radar backscatter measurements, while area R7 is centered on a prominent group of secondary craters. The areas associated with the ray itself are discussed in sequence below in order of increasing radial distance from the rim of Copernicus.
Near-infrared reflectance spectra have been obtained for these areas along the ray and neighboring mare (Figure 4) . The diameter of each area observed telescopically was approximately 5 km, although it is estimated that repeated observations increased the effective spot size to about 10 km. For some areas (R5, M1), measurements were repeated for four independent observing runs to check for observational errors and phase effects. To complement these spectral measurements, albedo information was derived from Pohn and Wildey served. Draper C is about 9 km in diameter, has a small flat floor, but lacks terraces. The crater exhibits a strong radar backscatter from its floor and walls, which is typical of fresh blocky mare craters [Thompson et al., 1981] , while a moderate amount of backscatter from the ejecta blanket is observed out to about one crater radius beyond the rim. Although the thickness of the mare is only approximately known in this area, the spectral reflectance properties for the CM area (observed essentially within the crater cavity) are characteristic of fresh mare basalt [Pieters et al., 1980; Pieters, 1983] . The band strength is more than a factor of 2 stronger than for mare soils, while the band center (near 1.01 #m) is still controlled by the Ca-rich clinopyroxenes of the basalt. One of the primary differences between fresh mare material and mature however, the ejecta blanket is apparently still continuous. In addition, the spot is located on a heavily mantled crater chain (that nevertheless still has prominent V structures) which extends northward to join the R2-R5 ray. At E3 the subdued The spectral characteristics of E4 are similar to those for E3, implying a similar low and high-calcium pyroxene mixture, although the absorption band appears slightly weaker.
Ray 2 (R2). This area is located 60 km north of the Carpathian mountains in Mare Imbrium on the main ray system that extends from area E3 to area R7. Northward, from the Carpathian mountains the ray can be readily distinguished on the mare by its higher albedo. Area R2 is just north (within 5 km) of a major secondary cluster. This cluster is dominated by two elongate craters that are •,-2.5 x 5.5 km in size. V structures from these secondaries extend all across the area covered by the spectral measurements. These secondaries are well preserved with crisp southern rims and deep shadows (and presumably have experienced little infilling). The R2 area just to the north of these secondaries exhibits a textured or disturbed surface on the scale of 100 m. Neither area R2 nor the secondaries to the south exhibit exceptionally strong radar backscatter, even though a larger secondary cluster 10 km to the northwest does. The R2 area is nevertheless moderately bright in radar backscatter, about 10 to 15% of the echo strength of the Copernicus ejecta blanket. There is a minor amount of structure in the radar image, but generally the spot is typical of the diffuse radar characteristics of the ray in this area. The spectral reflectance properties of area R2 follow an apparent progression from the areas closer to Copernicus: The continuum is slightly steeper, the band strength, slightly deeper (but still less than for the mature mare), and a band center, slightly longer, near 0.965 gm, implying a little more of a clinopyroxene component in a two-pyroxene mixture for the mafic component of R2.
Ray 5 (R5). This area is located on the main ray system that extends from spot E3 to spot R7. Area R5 is situated about 25 km west of the mature mare area M! and lies entirely within the high-albedo ray element, which measures •,-21 km in east/west extent at this point. The spot is centered near a cluster of small (< 1 km), subdued secondaries which appear mantled by subsequent ejecta. This gives the region a textured appearance on the scale of !00 m. Within 5 km to the south, there are several 1-to 2-km diameter less mantled secondaries. The radar backscatter properties for R5 are relatively undistinguished. The backscatter of the secondary craters to the south and north is somewhat higher than for R5, but the latter nevertheless stands out in relation to the darker maria to the east and especially to the west, the backscatter for material surrounding the crater Pytheas. As with area R2, the reflectance properties for area R5 show an apparent progression away from Copernicus: The continuum is slightly steeper, the band strength is slightly stronger, and the band center is at a slightly longer wavelength. R5 is at approximately the same radial distance from Copernicus as the mare area M1, but its spectral reflectance characteristics are sufficiently distinct from the mare (higher albedo, weaker band, shorter band center) to preclude the possibility that local mare material dominates the surface soil composition. (See Tables 1  and 2.) Ray 7 (R7). This is an area chosen to represent the properties of secondary craters larger than 1 km in diameter. R7 is located at greater radial distance along the large ray that includes areas R5, R2, and E3. Area R7 is located in the middle of the ray and is centered on an elongated cluster of large secondary craters 10 x 4 km in extent plus several additional secondaries larger than ! km in diameter. Details of this surface morphology can be seen in Figure 7 . V structures and sharp rims are frequently associated with these secondaries. Other large (7 x 2 km) secondaries lie immediately to the south (within 15 km). Area R7 exhibits a notably high radar backscatter, about 25-30% greater than that for the Copernicus ejecta blanket. This high backscatter appears to be typical for such ray areas with large relatively unmantied secondaries, although R7 is the only ray area included in this study with such characteristics. The spectral reflectance properties of R7 are distinct from those of all areas previously discussed: The continuum slope is similar to that of R5, but the strength of the pyroxene absorption band is almost 50% stronger than R5 and even 15% stronger than that for mature mare Mi. The band center for R7 is almost 1.0 gm. These characteristics indicate not only that the surface material at R7 is primarily basaltic in composition, but also that a mature soil has not fully developed at that site.
Ray 6 (R6). This area was included in the study because it exhibits one of the highest radar backscatter characteristics for any extended region within the northern ray system of Copernicus. R6 is located in the middle of the ray system to the north and east of the main E3-R7 ray. There are no secondary craters larger than •,-0.5 km diameter within the measured area, although there are many near-circular subkilometer craters at this point ( Fig. 8 . Morphology of the surface at area R6. The center position of the area for which reflectance measurements were made is marked with a cross. On the eastern (right) side of this image, no secondary craters larger than about 200 m can be seen, although other kilometer-sized craters are present. The R6 spot is located on the eastern edge of a "disturbed" area which contains many subdued kilometer-sized secondary craters with associated V structures. These secondaries probably contribute to the higher than usual radar backscatter that is associated with this ray element. This image is part of Apollo 17 rectified pan frame 3065; illumination is from the right. contain a proportion of basalt greater than that inherent in the highland-mare mixture of the ray itself, and (2) the material excavated must have been exposed long enough to produce a mature surface soil, which is then darker than soils from the ray. The observed number of dark-haloed craters associated with rays of Copernicus is thus also affected by both the age and the composition of the ejecta, the latter of which is controlled by the size of the impact crater and the degree to which it penetrates to the basaltic substrate.
The vertical thickness of the mixed zone of highland-mare components forming the ray can be estimated from the size of the smallest dark-haloed crater which has excavated basalt from beneath the ray. Unfortunately, appropriate highresolution images do not exist for a thorough examination of the sizes and distribution of post-Copernican dark-haloed craters; very few such craters were found in the available images for Copernicus's rays. The smallest dark-haloed crater observed was approximately 360 m in diameter in a diffuse sec-tion of a ray at about six crater radii from Copernicus (frame AS17-2290). Using a conservative excavation depth/diameter of 1/10 and requiring the boundary between the ray and mare substrate to be at least one third the excavation depth, the ray thickness would be of the order of 10-15 m. Thinner rays would allow smaller dark-haloed craters to be produced. These observations imply that the vertical mixing zone of primary ejecta with local substrate that forms the ray could extend throughout most of the regolith where the ray is locally extensive. It also implies that much of the current extent of Copernicus's ray system will remain as a visible feature on the lunar nearside for at least another aeon of lunar history, since this compositionally distinct ray material is apparently an integral part of the regolith.
Data for areas R6 and R7 are more difficult to interpret than those for the proximal areas on the continuous ray because in this case both R6 and R7 possess an immature soil component and have a high radar backscatter, and yet the two areas have very different surface morphologies. Area R6 contains no craters with morphologies that indicate a secondary origin; all the craters are roughly circular and lack the characteristic V structures and braided or mantled texture.
Conversely, area R7 contains several well-preserved secondary craters larger than 3 km in diameter and has many smaller, mantled, secondary craters and a prominent set of herringbone dunes.
The most likely explanation for the occurrence of immature soils at both R6 and R7, on the assumption that each area is indeed the age of Copernicus (about 800 million years [Eberhardtet al., 1973]), would be that at both areas an additional physical property has prevented the surface soils from reaching maturity by normal soil formation processes. Steeper local slopes occur within the interiors of the larger secondary craters of R7 than on the exterior deposits (Figure 7 ) and would cause downslope movement of material during soil-reworking processes, thus preventing normal soil accumulation.
Images of area R6 (Figure 8) , however, show an absence of craters larger than a few hundred meters in diameter. Although a different reason for the lack of soil formation may thus be required for R6, the high backscatter of the radar data for both areas puts general constraints on the possible causes. These data show that both area R6 and area R7 are unusually rough (i.e., bright) at the 3.8-cm radar wavelength. Such roughness may be due either to a higher than average number of blocks at the surface (or buried within a few radar wavelengths of the surface) ot to local topographic undulations at a As described in the previous section, the reflectance spectra of the areas on the ray extending out from Copernicus to area R5 increase regularly in slope and in the depth of the pyroxene band. Additionally, the pyroxene band minimum shifts from 0.91 #m toward 1.00 #m, which is consistent with a change from orthopyroxene-bearing anorthosite-norite rocks to clinopyroxene-bearing basalts [Adams, 1974] The telescopic reflectance data for all areas associated with Copernicus's ray were examined with both mixing models. Many areas along the ray were measured more than once. We have included some of these multiple measurements to indicate the range of data variations due to observational parameters. Principal component analyses (PCA) were used to describe the systematic variations of the reflectance data in terms of mixing lines between a variety of compositional endmembers. Separate PCA analyses were made to test the linear checkerboard and the nonlinear intimate mix models.
Procedures
The telescopic reflectance spectra for the Copernicus ray areas were filtered using a five-point running mean to suppress random instrumental errors. Thirty wavelengths between 0.7 and 1.8 pm were used to define each telescopic spectrum. Wavelengths near the telluric water bands were not sampled for this analysis (reducing the random residual errors in the PCA analysis to 0.5% reflectance). Since direct albedo information was not obtained from the telescopic data, all spectra were normalized by dividing each reflectance value by the sum of the reflectances at the 30 wavelengths. Principal component analyses were performed on these modified spectra to describe the variation in the reflectance data and to test the types of mixing systematics that may account for the variations. A more detailed description of these procedures and strategy can be found in works by Smith et al. [1984] and Johnson et al. [1984] . Since PCA procedures are essentially linear transformations of the data, the linear mixing model can be readily applied to results from PCA of the normalized reflectance data. The nonlinear mixing model for intimate mixtures, however, first requires conversion of the reflectance measurements to single-scattering albedos (SSA) before initiation of PCA analysis. The normal albedo data of Pohn and Wildey [1970] were used to scale the telescopic spectra to the appropriate albedo value which then allows conversion to single-scattering albedo using the equations described by Hapke [1981] . This conversion is the major difference between how the data were treated for the linear checkerboard model and the nonlinear intimate mixture model. In order to allow the results of the two PCA analyses to be compared in the mixing models, the single scattering albedo spectra were renormalized (a linear function), thus removing albedo as a variable component before application of PCA.
The first few principal components of variation in the reflectance data describe most of the variation between spectra and allow the data to be examined for possible mixing systematics between end-member spectra. After choosing appropriate endmembers to represent the data, the PCA variations in all spectra can be described as a proportional mixture of these endmembers. To test how well the two mixing models describe the data, intermediate spectra are calculated from PCA endmember spectra using the proportions from the appropriate PCA. The calculated mixture spectra from the two models are compared to the real spectra, and the total residual error (RMS) of their difference is examined. This error should be minimized if the model describes the mixing systematics well.
Results
The PCA that utilized the nonlinear transformation to single-scattering albedos (for the intimate mixture model) contained a greater proportion of the variance within fewer orthogonal components. A comparison of the variance for the two PCA's performed on the telescopic data is shown in Table  3 . Even before applying the mixing model analyses it is apparent that the nonlinear transformation PCA describes the variations of the data better than the linear PCA.
Results of the PCA analysis of the telescopic spectra after the single-scattering albedo conversion are shown in Figure 9 . The first principal component of variation (axis 1) is largely sensitive to the overall slope of the reflectance spectra, while the second principal component (axis 2) is more sensitive to the absorption band depths near 1 #m. Note that if normalized spectra were not used in the PCA, the primary axis would be albedo.
The spectra represented in Figure 9 can be considered as mixtures of three end-members: mature highland soil at Copernicus crater (E5, F3, W3) , mature soil on nonrayed mare (M1), and fresh mare crater ejecta (CM). It is reasonable to select E5, M1, and CM as spectral end-members for the purpose of analyzing mixing, as was previously inferred from inspection of the reflectance spectra and from measurement of the wavelength of the pyroxene absorption band near 1 pm. Figure 9 shows that all of the telescopic spectra for Copernicus's ray, except R6 and R7, can be considered to lie approximately along a mixing line between E5 and MI. Areas Since PCA is essentially a linear analysis of data variation, the position of any data measurement relative to a hypothetical mixing line between end-members describes the proportion of each member contributing to the measurement. As an example of mixing systematics that can be calculated from PCA results for Copernicus areas E5, M1A, and CM were chosen as end-members from the data presented in Figure 9 . Listed in Table 4 are the calculated proportions of each end-member for the spectra along Copernicus's ray. Since area M1 was measured many times, the choice of M1A as an end-member to represent the M1 area allows the uncertainty of these proportions to be estimated as 5%.
The calculated fractions of these three end-members for ray can be estimated from the reflectance mixing model systematics. These local/foreign estimates for ray material can be compared to related predictions from the ballistic studies. In addition, the type of mixing of primary and local material that is most consistent with modeling of the reflectance data provides information about the physical state of material along the ray.
For areas along Copernicus's ray that lack craters larger than about 100 m the reflectance mixing systematics of Figure  9 are best described by a mixing line between mature highland soils (e.g., E5) and mature mare soil (e.g., M1) rather than mixing between immature and mature mare soils. This soil maturity has been achieved after the highland and mare com- (Table 5) are the lowest for the nonlinear analysis using PCA of the single scattering albedo data, the calculated proportions are chosen for comparison from Table 4 using M1 and E5 as end-member representations of local and foreign ray material, respectively. The ratio of local/foreign material can be estimated from the fraction of these end-members for each ray area. This ratio is somewhat comparable to the ballistic # of Oberbeck et al. [1975] which is defined as the ratio of mass ejected from secondary (local) craters to the mass of impacting primary crater ejecta. These two ratios are compared in Figure 12 and plotted as a function of radial distance from Copernicus [after Oberbeck et al., 1975] . There are clearly significant differences in the physical basis of these two ratios. The reflectance data measure properties of the upper few millimeters of surface material. Estimates of local/foreign material in the ray assume that appropriate com- It is remarkable indeed that both approaches to understanding the relation of crater ejecta to local substrate provide the roughly similar projections displayed in Figure 12 . Both show that the larger the radial distance from a major impact crater, the smaller the amount of primary ejecta that is incorporated within the ray, in relatively predictable proportions. For large craters such as Copernicus, however, there is still sufficient primary material within the areal extent of a ray to be detected on the surface hundreds of kilometers distant from the crater. For example, in the case of area RS, which is about six crater radii from the rim of Copernicus, measurable amounts (,•20-25%) of primary ejecta of highland composition can be identified from the mixing model calculations summarized in Table 4 .
There is a notable discrepancy, however, between the two approaches in descriptions of the proportion of primary material emplaced within three crater radii (> 150 km). Assuming that the substrate for ejecta deposits between Copernicus and the Carpathian Mountains is basaltic (consistent with the observed dark-haloed craters), the compositional measurements of the surface deposits within three crater radii of Copernicus, E3 and E4, show a much higher proportion of primary material (highland) than that predicted by Oberbeck et al. [1975] (Figure 12) . A possible interpretation of this relates to the type of mixing that may occur in areas of thicker ejecta deposits nearer the crater. In a thicker, more continuous curtain of ejecta being emplaced near the crater, early ejecta would mix with the basalt substrate, but subsequently following ejecta would interact with this just-emplaced mixture. The last primary ejecta would interact with a substrate already highly contaminated with primary material, and thus the resulting surface material would give a spectral signature not representative of the average for the entire mixture.
The two ray areas (R7 and R6) that do not follow the mixing systematics for mature soils from E5 to M1 provide additional insight into localized processes associated with ray materials. As discussed in the previous section, these two areas have a different morphology than the other ray areas studied and exhibit properties that indicate a component of fresh or A test of this hypothesis was made by examining the rms errors for the ray spectra for the two mixing models (Table 5 ). Figure 11 shows the ratio of the rms errors for the linear versus the nonlinear models plotted against distance from Copernicus. Areas R6 and R7 have the lowest linear/nonlinear error ratios, which is consistent with the concept that they are expressing relatively more patchy (linear) spectral mixing. The patchy material component is interpreted to be fresher mare basalt. Although the rms ratio systematics for other ray areas in Figure 11 are not tightly constrained, there may be a general trend from granular (nonlinear) to patchy (linear) mixing with increasing distance from Copernicus. Since the reflectance measurements integrate over a few-kilometer area, increasing irregular patches with distance would not be surprising at this scale.
It should be noted again that the primary/local mixing ratio derived from these models uses the simplified description that the primary material is of highland composition and the local material is basaltic. A thicker mare at Copernicus would dilute the "highland" component in the primary ejecta. The proportion of primary material in the distal rays would thus be underestimated in this study, since only the highland component was used as a marker. If the mare basalt thickness for the Copernicus target area was more than the nominal several hundred meters estimated from Schmitt et al. 5. The proportion of primary crater ejecta from subsurface horizons that is emplaced upon the surrounding terrain out to distances of three crater radii is observed to be notably higher on the basis of the compositional data than the value predicted by laboratory cratering models and terrestrial field data. This may indicate that in areas of continuous ejecta deposit the uppermost parts of the deposit are not as influenced by basal substrate mixing. 6. Mixing model systematics for reflectance data indicate that primary ejecta is intimately mixed at the granular scale with local material for areas along a ray that do not contain many secondary craters greater than 100 m in diameter. With increasing distance from the primary crater the ray material may occur in more patchy distributions (across a fewkilometer area along the ray). 7. Mixing model systematics indicate that local material occurs in patches that have not reached the same soil maturity as the rest of the ray for areas of a ray that contain many observable large secondary craters. Such immature soils are only observed in association with large and morphologically fresh secondary craters or areas that otherwise indicate sufficient topographic roughness to prevent the accumulation of mature soils.
Overall, the ray system for Copernicus is distinctly heterogeneous in composition and maturity as well as morphology. Parts of the ray behave in a regular and systematic manner (for example, the increasing proportion of local material in ray deposits with greater radial distance from the primary). Other features occur only randomly or infrequently, perhaps controlled by differences in grain size and cohesion of impacting secondary projectiles [Schultz and Gault, 1985] (for example, the presence or absence of fine, possibly primary, material mantling secondary craters at similar radial distances).
